ABSTRACT To examine whether a significant circadian variation of transient myocardial ischemia exists and to better understand the character of such variation, 32 patients with chronic stable symptoms of coronary artery disease underwent one or more days of ambulatory monitoring of ischemic ST segment changes during daily life. A total of 251 episodes of ischemic ST segment depression occurred in 24 (75%) of the 32 patients with a median duration of 5 min (range 1 to 253). A significant circadian increase in ischemic activity was found with 39% of episodes and 46% of total ischemic time occurring between 6 A.M. and 12 P.M. (p < .05 and p = .02, respectively). In 21 patients with-ST segment depression during the 6 hr after waking and the 6 hr before sleep, 68% of episodes occurred in the morning compared with 32% in the evening. There were no significant differences in heart rate at onset, heart rate at 1 min before onset, and activity score associated with ST segment depression. The proportion of minutes showing ST segment depression when the heart rate was above the lowest rate associated with ST segment depression was significantly greater in the morning compared with the evening (26% vs 15%; p = .03). Thus the early morning increase in ST segment depression does not appear to be explained by differences in extrinsic activity and/or stress measured by physical activity score and heart rate response. More importantly, this phenomenon is often ignored by the usual patterns of drug administration for angina. This may have clinical relevance, since the observed circadian variation coincides with that reported for onset of acute myocardial infarction and sudden death. Circulation 75, No. 2, 395-400, 1987. PATIENTS with coronary artery disease suffer symptoms and damage to left ventricular myocardium through the development of active myocardial ischemia. Recently, ambulatory monitoring of the electrocardiogram during daily life has been used to detect transient myocardial ischemia in patients with coronary artery disease and has shown that these ischemic episodes are often asymptomatic, surprisingly prolonged, and frequently not associated with stress.1-5 At the same time, clinical studies have demonstrated circadian variations in the onset of myocardial infarction'IO and of other manifestations of cardiovascular function, including plasma catecholamine levels, arte-
rial blood pressure, and heart rate. ' 12 To better understand the character of ischemic heart disease activity, this study was designed (1) to test prospectively the hypothesis that there is a significant circadian variation of transient myocardial ischemia during daily life and (2) to determine whether any such variations are caused by differences in physical activity and heart rate.
Methods
We selected 32 patients to undergo ambulatory monitoring for the detection of myocardial ischemia because they exhibited (1) symptoms of chronic stable coronary artery disease and (2) exercise tests that were positive for ischemia.'3 All patients' exercise was limited by symptoms and test results demonstrated greater than 1 mm of horizontal or downsloping ST segment depression. All 27 patients who had undergone cardiac catheterization had angiographic evidence of obstructive coronary artery disease defined as greater than 70% stenosis of one or more coronary arteries. Of the remaining five patients, three had had a documented previous Q wave myocardial infarction and the other two had exercise tests with classic ischemic chest pain and greater than 2 mm of ST segment depression. For each patient the New York Heart Association class for angina was determined. '4 Monitoring. Patients underwent one or more periods of continuous 24 hr ambulatory electrocardiographic monitoring with a calibrated Oxford Medilog Two frequency-modulated recorder. Bipolar leads were attached with the exploring electrodes usually at standard V5 and modified inferior positions. Alterations of these lead positions were made on the basis of the exercise electrocardiogram results to ensure that the most positive leads were monitored. During the monitoring, patients were instructed to engage in their usual daily activities and to keep detailed diaries outlining their symptoms, time of waking, and levels of physical and mental arousal. Each 24 hr period was divided into 5 min intervals and patients were asked to record subjective levels of physical (sleep, rest, usual light activity, or exercise) and mental (sleep, usual unstressed activity, or stress) activity in blocks of time throughout the day. All medications were discontinued at least 48 hr before monitoring. Patients were instructed to use sublingual nitroglycerin as necessary.
Analysis. Only those tapes with interpretable signals for 90% or more of the continuous 24 hr monitoring period were used. A total of 64, 24 hr periods in 32 patients were included. Tapes were analyzed visually at 60 or 120 times real time on the Oxford Medilog MA 20 scanner by two independent trained technicians or physicians and the results were compared. If results differed by greater than 5%, the tapes were reanalyzed. An episode of significant ST segment depression was defined as horizontal or downsloping ST segment depression of greater than 1 mm at 80 msec after the J point and persisting in consecutive beats for at least 30 sec. The duration of an episode was defined as the total number of minutes with 1 mm or more of ST segment depression. Separation of one episode from the next required return of the electrocardiogram to baseline for 3 min or longer. The heart rate at onset of 1 mm of ST segment depression and the heart rates for the 3 min preceding the onset were recorded. For each episode we noted the patients' activity levels at the onset of the episode as recorded in the diary. The number of episodes and the total ischemic duration were tabulated for a standard 24 hr clock.
To account for varying sleep time and to assess the influences of activity and heart rate on the observed circadian differences, additional analyses were performed to compare the 6 hr period immediately after waking to the 6 hr period before bedtime. A physical activity score for each period was calculated by applying a numerical value from 0 to 3 (0 = sleep, 1 = rest, 2 = usual activity, 3 = exertion) to the activity associated with each ischemic episode and determining the mean score for each period. The physical activity score associated with episodes, the heart rate at onset, and the change in heart rate 1 min before onset were compared in the morning and evening 6 hr periods. These two periods were also analyzed to calculate (1) the number of minutes of significant ST segment depression, which we called the ischemic time, (2) the range of heart rate at the onset of these events, and (3) the total number of minutes when the heart rate was at or above the minimum heart rate threshold associated with ischemia, which we termed the total threshold time. Since the total threshold time included minutes with and without ST segment depression, the ratio of the ischemic time to the total threshold time represented the proportion of the time a patient developed ischemic ST segment depression when the heart rate was above the threshold heart rate. These ratios were compared for the morning and evening periods.
Statistical methods. For each subject, the variation of ischemic episodes and duration within four consecutive 6 hr blocks of time were analyzed by the Kruskal-Wallis statistic,`l which is a nonparametric analysis of variance. Comparisons of the morning and evening heart rates, activity levels, and ischemic time proportions were made with the nonparametric Wilcoxon signed-rank test.`R esults
Patient characteristics (table 1) . Twenty-six men and six women were studied (mean age 58 + 11 years, range of 34 to 75 years). Eighteen patients (56%) had New York Heart Association class I symptoms of angina, 11 patients (34%) had class II symptoms, and the remaining three patients (10%) had class III symptoms.14 Catheterization data were available for 27 patients. The mean ejection fraction was 0.61 + 0.14 ( ± SD), and the mean left ventricular end-diastolic pressure was 15.7 ± 5.3 mm Hg. Nine patients (33%) had three-vessel, 12 patients (45%) had two-vessel, and six patients (22%) had single-vessel coronary artery disease. Sixteen previous transmural myocardial infarctions had occurred in 14 patients (44%). None of the patients had physical signs of congestive heart failure.
Monitor results. A typical 24 hr monitoring session is summarized in figure 1 . Twenty-four of the 32 patients (75%) had one or more episodes of ischemic ST segment depression during the monitoring periods and a total of 251 episodes of ischemia were observed in these 24 patients. The median length per ischemic episode was 5 min with a range of 1 to 253 min. Only 13% of the episodes were accompanied by chest pain while the remaining 87% were not associated with symptoms. The mean number of episodes was 5.1 ± 4.6 per patient per day with a range of one to 21 episodes. There was no significant correlation between angiographic extent of coronary artery disease and number of episodes or total ischemic time (r -.05 and -.28, respectively).
Daily rhythm of ischemia. The patients' mean time of waking was 6:25 A.M. and the mean time to bed was 10:45 P.M. The frequency of ischemic episodes peaked in the morning, with 39% of the activity occurring between 6 A.M. and 12 noon ( figure 2, A) . Similarly, 46% of the total ischemic time occurred during the same morning period ( figure 2, B) . This morning increase in ischemic activity resulted in significant differences between the 6 hr periods (p < .05 for number of episodes and p = .02 for ischemic duration). When the distribution of ischemic episodes was corrected for the variable time of waking, this early morning increase was even more striking, with the peak activity occurring in the first and second hours after rising (figure 2, C). A similar significant circadian variation was seen for asymptomatic episodes of ischemia with p .02.
Comparison of morning and evening ischemia. Of the 24 patients who had ischemic episodes, 13 patients (54%) had episodes during both the morning and evening 6 hr periods. A further six (25%) had episodes only in the morning, while two (8%) had episodes only in the evening. Therefore a total of 21 patients had ischemic episodes in the morning or evening. The remaining three patients (13%) had episodes associated with sleep or midday activity. In the 21 patients who had ischemic episodes in either the morning or evening periods or both, a total of 155 ischemic episodes occurred. Of these 155 episodes, 105 (68%) occurred in the morning compared with 50 episodes (32%) in the evening (table 2). Episodes that occurred in the morning were similar to those that occurred in the evening in terms of their length, heart rate at onset, change in heart rate before onset, and the patient's activity level at onset (table 2) .
Although heart rates tended to enter the range for ST segment depression more often in the morning than in the evening (a total of 4646 min in the morning vs 3470 min in the evening), the ratio of the ischemic time to the total threshold time demonstrates that during the minutes when the heart rate was above the individual patient's ischemic heart rate threshold, the patients actually developed ST segment depression for 26% of the minutes in the morning but for only 15% of the minutes in the evening ( figure 3) . This measured by ST segment depression, with peak density of ischemic activity in the first 1 to 4 waking hours. The episodes did not show any significant differences in the heart rate threshold or activity level at the onset of ischemic episodes in the morning and evening. Patients with transient ischemic episodes throughout daily activity were more likely to develop ischemic ST segment depression when the heart rate exceeded a given threshold in the morning hours than when the same threshold was exceeded during the evening hours. Although previous reports of ambulatory ischemia monitoring have indicated that a morning peak in ischemic activity may exist,4 our study aimed to quantify this event prospectively, to test its significance, to control for varying times of waking, and to attempt to understand this observation by examining its relationship to extrinsic activity and heart rate. the Limitation of Infarct Size (MILIS), symptomatic data for nearly 3000 patients, corroborated by plasma creatine kinase-MB elevation in 703 patients, demonstrated a marked circadian rhythm with a peak onset of infarction in the morning hours.6 This same pattern has been characterized for out-of-hospital sudden death.'8 Yasue,'9 reporting on a group of patients with variable threshold angina and associated ST segment depression, found that in all patients attacks of angina and ST segment depression on exercise tolerance tests could be induced at a lower threshold in the morning compared with the afternoon. '9 A number of physiologic daily rhythms may be responsible in part for the above observations and the circadian variation in ambulatory ischemic activity. Plasma catecholamine levels, heart rate, and arterial blood pressure have been shown to rise during this period of peak ischemic activity."' 12 Yasue20 has sug- In this study, no difference was observed between morning and evening activity levels or heart rate at onset of ischemic ST segment depression. In addition, our results indicate that patients reach a certain threshold of heart rate for ST segment depression more often in the morning than in the evening. However, when the heart rate exceeded the ischemic threshold, ST segment depression developed significantly more often in the morning than the evening. These simple measures (heart rate and physical activity score) did not provide any evidence for an obvious increase in activity, stress, or work that might have caused more ischemia. Clearly further studies are needed to understand the relative importance of supply vs demand during this vulnerable period and its relationship to the ischemic event.
This prospective study has established and quantified a significant circadian surge of ischemic activity in the morning hours after awakening in patients with the common syndrome of chronic stable symptoms of coronary artery disease. These results have provided a more objective basis for the clinical impression that angina is more easily provoked during this time. This is of potential clinical importance, since this pattern mimics that seen for onset of myocardial infarction and sudden death. In addition, the present patterns of drug administration for angina pectoris may need to be modified to ensure adequate protection against ischemia in the early morning hours. A better understanding of the underlying pathogenic mechanisms responsible for these rhythmic processes may provide further insight into the important prognostic implications of known active myocardial ischemia and its link to infarction and death. More timely therapy may be needed to control these morning ischemic events while aiming to improve myocardial protection and prognosis.
